I. INTRODUCTION
Nanometer-sized magnetic particles have attracted considerable attention due to their potential impact on high-density magnetic data storage. A promising system is composed of nanoparticles of controllable shape and size with perpendicular magnetic anisotropy ͑PMA͒ and high coercivity. An additional challenge is to tune these appealing magnetic properties particle by particle. In these systems, the size, the thickness, and the substrate are relevant parameters since they have a strong influence on the direction of the easy axis and the Curie temperature. When the magnetic domain structure depends strongly on surface anisotropy, it is also possible to use surface chemisorption to rotate the magnetic easy axis [1] [2] [3] or to obtain dead magnetic layers. [4] [5] [6] [7] These modifications are often reversible since thermal annealing allows for total desorption of the adsorbate. However, it is important to realize that desorption occurs for all particles affecting the entire system. In this paper, we present an alternative way to tune individually the electronic properties of nanoparticles by controlled adsorption and desorption induced by tunneling electrons from a scanning tunneling microscope ͑STM͒ tip. Indeed, it was shown that STM is not only able to probe at a ͑sub͒nanometer scale but also can be used to manipulate atoms 8, 9 or build small devices. 10 In our case, we took advantage of the fact that a STM tip can supply high current densities and thus induce desorption of atoms or molecules at the nanometer scale to uniquely modify the properties of individual nanoparticles. Moreover, as nanoparticles show unusual properties as compared to bulk, adsorption of a chemical species on a geometrical confined area may eventually lead to new properties. [11] [12] [13] [14] [15] Contrary to bulk metals and thin films, only a few studies have been devoted to the adsorption on magnetic nanoparticles. [16] [17] [18] [19] Therefore, it is of fundamental interest to study adsorption on magnetic nanoparticles and its effect on their electronic properties.
We study the Co/ Cu͑111͒ system since it is very attractive in terms of growth mode, perpendicular magnetic anisotropy, and high coercivity, and moreover, it has been extensively studied for its interesting magnetic surface properties. [20] [21] [22] [23] [24] In the submonolayer coverage regime, trian-gular and flat nanoislands of 10-30 nm size and two layer height exhibit PMA with a high coercivity of 1.0-1.5 T at T = 13 K as shown by spin-polarized STM. 25 In the present paper, we focus on the influence of gaseous H 2 adsorption on the electronic properties of Co nanoislands at 10 K and on hydrogen desorption induced by STM at 5 K. Hydrogen is used as adsorbate since desorption of atomic hydrogen from semiconductor surfaces by STM has been extensively studied and desorption mechanisms have been identified and well characterized. 27 We extend this effect to ferromagnetic nanoparticles. Moreover, it has been reported that this adsorbate may change the magnetization of the surface layer through the hybridization of the 1s level with 3d electrons responsible for the magnetism. [28] [29] [30] An additional advantage is that hydrogen has been used extensively for its simplicity and allows for theoretical calculations. 31 Finally, dihydrogen is the most predominant residual gas in a stainless steel vacuum environment. It can desorb from walls and condense on a cold sample surface producing a contamination layer. As the key electronic feature of these Co islands is a minority d-like orbital resonant surface state, 32, 33 and given the fact that surface states are very sensitive to adsorption, the presence of such adsorbate can therefore lead to erroneous interpretation when studying magnetic properties by spin-polarized STM.
In our study, the differential conductance mapping mode is used to directly visualize the electronic state of the particles at the nanometer scale. We show that the d-like surface state is shifted downward in energy after hydrogen adsorption. Moreover, we show the ability to uniquely tune the electronic properties of each individual nanoisland by adsorption and controlled H desorption using the tunneling current from a scanning tunneling tip. We explain the H desorption from a Co surface in terms of interaction with tunneling electrons. This work clearly demonstrates the possibility to manipulate the surface electronic features of magnetic nanoobjects by interface engineering.
II. EXPERIMENT
The experiments were performed in an ultrahigh vacuum ͑UHV͒ system composed of three connected chambers: a preparation chamber for tip and sample cleaning treatments, a deposition chamber equipped with surface characterization tools, and a chamber with an "Omicron" low-temperature STM. The base pressure in the deposition and STM chambers is in the low 10 −11 Torr range. The Cu͑111͒ single crystal was cleaned by repeated cycles of Ar + sputtering and annealing to 850 K. Cobalt was evaporated with an electron beam evaporator at a rate of 0.1 monolayer/ min. During Co deposition at room temperature, the pressure in the chamber is about 5.0ϫ 10 −11 Torr. After deposition, the sample is transferred as fast as possible ͑ϳ5 min͒ to the STM chamber where the temperature is already kept at T = 5 K. Thus, the sample is directly cooled down to 5 K in order to avoid intermixing between Co and Cu, which occurs at higher temperatures. We used polycrystalline W tips which were electrochemically etched ex situ and cleaned under UHV conditions by electron bombardment. All microscopy and spectroscopy measurements were performed at T = 5 K. For spectroscopy, the tip was initially stabilized at a sample bias voltage U s = −0.2 V and a tunneling current I s = 2.0 nA. The feedback loop was then open and the bias voltage was swept from −1.0 to 1.0 V. The differential conductance ͑dI / dU͒ was measured by the lock-in technique. For Co, spectral curves were measured inside a small area located in the center of the island since it was shown that the electronic properties are strongly modified in the rim area. 26 For adsorption experiments, samples were exposed to molecular hydrogen by means of a high precision leak valve. During H 2 exposure, the sample was located in the STM chamber with a substrate temperature of about 10 K. This slight temperature increase compared to 5 K is due to the opening of the radiation shields during this procedure.
III. RESULTS AND DISCUSSION

A. Clean Co on Cu(111)
First, we consider Co nanoislands before H 2 adsorption. In the submonolayer coverage regime, triangular Co islands with a bilayer height are observed. Their base length is typically 10 -30 nm. Smaller islands ͑3-4 nm͒ have a more rounded shape. Two orientations are observed corresponding to two different stacking sequences: fcc and hcp or fcc faulted. 25, 33, 34 The electronic properties of these islands are further investigated by scanning tunneling spectroscopy ͑STS͒. We compare islands of similar size and orientations since it was shown that electronic properties are slightly different between fcc and hcp oriented islands. 25, 33 In addition, the size might also modify the energy of the surface state due to different strains. Islands exhibit two surface states in agreement with previous works. 25, 33 In Fig. 1͑a͒ , the ͑dI / dU͒ spectrum shows a very sharp peak at −0.3 V. This peak is attributed to a minority d-like resonant surface state. 25, 32, 33 We also observe a free electron surface state that is not visible on the ͑dI / dU͒ spectrum but can be visualized by recording a ͑dI / dU͒ map at bias voltages greater than −0.15 V. 25, 33 Indeed, the differential conductance map ͓Fig. 1͑b͔͒ shows quantum interference patterns due to the finite lateral size [35] [36] [37] of the Co double layer and scattering of sp majority electrons. 33 We also checked the properties of the Cu substrate in between Co islands. The STS obtained on the Cu͑111͒ substrate ͑not shown here͒ reveals the surface state at −0.4 V. 38, 39 As surface states are easily quenched by defects or impurities, their presence on both the substrate and the nanoislands is direct evidence of the cleanliness of our epitaxial system.
B. Hydrogen adsorption
Next, we study the modifications of the electronic properties of Co induced by adsorption of hydrogen at T =10 K. After hydrogen exposure of 1 L ͑1 L=10 −6 Torr s͒, no change is observed in the ͑dI / dU͒ spectrum in comparison with clean islands. After exposure of 16 L, a small part of the islands is affected by the adsorbate which may be explained by a variation of the sticking coefficient with the stacking and size of the islands. Upon exposure of 42 L, the ͑dI / dU͒ spectra of all islands differ strongly both in shape and in intensity in comparison with the clean islands. Figure 1͑a͒ shows that instead of a pronounced peak at −0.3 V, a broad peak with a smaller intensity centered at −0.5 V is found. In addition, the quantum interferences due to the dispersive state are no more visible on ͑dI / dU͒ maps, as shown in Fig.  1͑c͒ . Thus, adsorption of hydrogen at low temperature leads to quenching of the two Co surface states. Himpsel and Eastman also observed that the peak corresponding to the resonant surface state for Co͑0001͒ thin films completely vanishes 40 after adsorption of atomic hydrogen. Moreover, sp-like and d-like surface states of Ni͑111͒ are quenched or shifted when H is adsorbed at T = 150 K. 41 To find out how the d-like surface state is spatially affected by hydrogen adsorption, we made ͑dI / dU͒ maps at its peak position of −0.3 V. As the presence of hydrogen quenches this d localized surface state, an area of low conductance can be interpreted as an adsorption area. Figure 2͑a͒ shows a conductance map obtained on clean islands. They all exhibit a high conductance at −0.3 V across their entire surface implying that the surface state is present on the whole surface of individual islands. The conductance map measured on the same area after hydrogen adsorption of 42 L is shown in Fig. 2͑b͒ . A homogeneous but low conductance is observed. This homogeneity can be explained either by a saturated surface or by the the delocalization of the adsorbate on the surface of the entire island.
C. Hydrogen desorption
Beyond the fact that hydrogen strongly modifies the Co electronic properties, we now show the ability to use the STM tip to remove it from the Co surface. Surprisingly, the electronic properties of hydrogen-terminated Co islands can be changed by the tunneling current coming from the tip. We experimentally observed that changes occur when sweeping the bias voltage from −1.0 to 1.0 V in the spectroscopic mode. By repeating this voltage ramp on the same island in the same area, strong modifications of the Co electronic properties are induced and observed in the ͑dI / dU͒ spectra. Figure 3 shows successive normalized spectra recorded one after another with a time between two spectra of about 1 min. Here, the ratio of differential to total conductance provides a relatively direct measure of the surface density of states of the sample. The curve labeled "1" corresponds to the first measurement taken in the center of one particular island. As described in Fig. 1͑a͒ , the main spectroscopic fea-ture is a broad peak centered at −0.5 V. When repeating the voltage ramp, a gradual shift in energy accompanied by an increase in intensity is observed for this main peak. After several repetitions, successive spectra labeled as "7," "8," and "9" in Fig. 3 all show the same spectroscopic feature at −0.3 V which is stable and irreversible in time. This state is the same as observed for samples before adsorption in Fig.  1͑a͒ whose main feature is the d resonant state at −0.3 V. It is noteworthy that the sequence shown in Fig. 3 has been reproduced about 200 times on different islands and with different tips. However, the number of repetitions necessary to obtain the final state depends on the size of the islands. We define the energy shift as ⌬E = E − E 0 , where E is the energy of the main peak below the Fermi level and E 0 is the energy of the d surface state of the clean islands. With that definition, the maximum ⌬E observed value is equal to −0.2 eV whereas the minimum value is zero and corresponds to a clean surface.
We can conclude that the presence of the adsorbate on the Co surface leads to a strong energy shift of the initial d-like surface state down to −0.5 eV due to interaction between Co and the adsorbate that modifies the surface potential. The energy shift might be related to the amount of adsorbate on the surface. When sweeping the bias voltage from −1.0 to 1.0 V with the feedback loop open, the tunneling current strongly varies. In our experiments, this variation can be as high as 30 nA depending on the tunnel junction which is formed by the tip and the Co island. Exposing the island surface to such a high tunneling current induces desorption of a certain amount of the adsorbate. In fact, tunneling electrons can interact with adsorbed molecules or atoms and then give enough energy to overcome the desorption barrier. The desorption mechanisms involved will be discussed later. As the energy shift might be related to the amount of adsorbate on the surface, the following spectra will show a slight energy shift toward higher energies. The final energetic position of −0.3 eV is reached when hydrogen is totally desorbed. It must be emphasized that states at −0.5 and −0.3 eV are actually one and unique state but shifted in energy. Indeed, in the case of two different states, we expect to see two spectral peaks of different relative intensities which depend on the amount of H adsorbed. Therefore, the exact character of our experimentally observed intermediate state is not clear yet and might strongly depend on the hybridization with hydrogen. Note that this cleaning effect is no longer observable when reducing the range of the bias voltage from ±1.0 to ± 0.4 V. In that limited range, the Co electronic properties are no longer affected even after many repetitions, and we can utilize this voltage range to check the presence of hydrogen without perturbing the system. This evidence of a threshold in energy will be discussed later in this paper. As a provisional conclusion, the tunneling tip acts not only as a probe but also induces electronic changes at the surface of Co nanoislands exposed to an adsorbate and thus can be used to clean contaminated islands.
In order to investigate how far the cleaning effect spread from the tip position, ͑dI / dU͒ maps were recorded at −0.3 V. As we have seen before, at this bias voltage, we can discriminate between the hydrogen-terminated surface and clean Co surface since the conductance at −0.3 V is low FIG. 3. Normalized conductance at 5 K on a Co nanoisland firstly exposed to hydrogen at 10 K. The spectrum labeled 1 is the first measurement performed in the center the Co nanoisland. Spectra labeled 7, 8, and 9 correspond to the stable and irreversible state. Spectra 1 to 9 are the successive measurements. All curves are vertically shifted for clarity.
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when hydrogen is adsorbed and is high for the clean Co surface. Figure 4 illustrates a sequence of selective hydrogen desorption from three similar islands. First, in Fig. 4͑a͒ , the ͑dI / dU͒ map was recorded on islands just after H adsorption. All islands exhibit the same low differential conductance reflecting their identical electronic properties similar to those observed in Fig. 3͑b͒ . Second, the tip was positioned right at the center of the bottom island. Then, the bias voltage was ramped from −1.0 to + 1.0 V. During that ramp, the feedback loop was open allowing the tunneling current to vary. Scanning of the bias voltage was performed until the surface state appeared at −0.3 V. Third, the conductance map after this action is recorded and gives Fig. 4͑b͒ . The conductance of the altered bottom island is now high and homogeneous across the whole surface. In contrast, all surrounding islands show the same low conductance, as observed in Fig. 4͑a͒ ; their electronic properties are unaffected by the action of the tip on the bottom island. Consequently, although the tip is located on one point during the STS experiment, the whole surface is cleaned. Desorption is thus a nonlocal process since it occurs on the entire surface of the island but seems to be geometrically restricted by the islands' edges. To prove the reproducibility of this procedure, we repeat the experiment on the top left island ͓Fig. 4͑c͔͒ and on the top right island ͓Fig. 4͑d͔͒. 42 The comparison between Figs. 4͑a͒ and 4͑d͒ illustrates the efficiency of this process in modifying the electronic properties of the nanoislands. Finally, after the cleaning procedure was performed on these three islands, ͑dI / dU͒ maps at positive bias voltages show quantum interferences as discussed earlier ͓Fig. 1͑b͔͒. Therefore, desorption induced by the tunneling electrons allows us to recover original electronic properties of clean islands, which includes the localized d and the dispersive surface states. This sequence thus illustrates electron stimulated desorption at low energy on the surface of ferromagnetic nanoparticles.
D. Desorption mechanisms
In order to investigate the dependence of desorption on tunneling current and bias voltage, we keep the bias voltage constant while controlling the tunneling current. More specifically, in that part, the tunneling current is ramped at constant bias voltage with closed feedback loop. The tip is positioned above an island previously covered with hydrogen, and the set point of the tunneling current was gradually increased from 2.0 nA to a chosen current value I 0 . In response of current changes during that ramp, the feedback moves the tip a little closer toward the sample. However, the actual displacement of the tip is of the order of 1 Å regarding the exponential dependency of the tunneling current on the tipsample distance. We assume that this displacement itself has no influence on the hydrogen. The duration of the current ramp procedure is the same as the previous ͑dI / dU͒ spectroscopy in the range of ±1.0 V, that is, from one to a few seconds. Subsequently, in order to estimate the result of this current ramp on the electronic state of the Co nanoislands, STS is performed on the limited range between −0.4 and +0.4 V. As mentioned above, this limited range does not lead to desorption. When it is observed that ⌬E ഛ −0.2 V corresponding to the absence or onset of desorption, we move to another island and then increase I 0 , and repeat the procedure. Once I 0 is high enough to lead to total desorption for which ⌬E is equal to zero, we have established the desorption parameters I des at a voltage U des ͑see Fig. 5͒ . Doing this with different values of bias voltage, current and voltage thresholds can be systematically determined. We use this procedure with positive bias voltage. Figure 5 reveals two regions. The first one is situated under the curve and corresponds to the regime without any hydrogen desorption. The second one is situated above the curve and corresponds to complete desorption. The uncertainty in the data points corresponds to the intermediate case when the ͑dI / dU͒ curve indicates an incomplete desorption: the characteristic peak in the ͑dI / dU͒ spectrum is shifted only a little. Remarkably, the diagram shows the presence of two thresholds: a current threshold of about 15-20 nA and a voltage threshold of about 0.4-0.5 V. This voltage threshold was already partially observed in previous experiments in the spectroscopic mode. Indeed, whereas sweeping the bias voltage from −1.0 to + 1.0 V leads to partial desorption, using a bias voltage between −0.4 and +0.4 V does not modify the islands' properties even after many repetitions. The bias voltage threshold is not fully abrupt: in the 0.4− 0.5 V range, the current required for desorption varies gradually when approaching the value of 0.4 V. For a voltage larger than 0.5 V, the system can be characterized with a uniform current threshold of approximately 18 nA.
Considering this dependency and the thresholds, the physical mechanisms involved in hydrogen desorption from the Co surface can be identified. In the following, we discuss these mechanisms in detail. First of all, the question to answer is what is the nature of the adsorbate, dissociative atomic or molecular? Indeed, energies that reflect the interaction with the substrate for atomic or molecular hydrogen are of different orders of magnitude. For atomic adsorbates, the binding energies are several eV, whereas for physisorbed H 2 molecules, typical energies are in the 40-150 meV range depending on the system. [43] [44] [45] Due to these low values for H 2 , it is quite impossible to observe molecules at temperatures higher than 20 K. When a H 2 molecule interacts with a metallic surface, it has to overcome one or more activation barriers to reach the chemisorbed state. As it was shown that the dissociation process is mainly governed by the density of d electrons at the Fermi level of the substrate, 46 transition and noble metals do not react similarly toward molecular hydrogen adsorption. Transition metals allow an easy dissociative process due to their low or inexistent activation barrier. On the contrary, for noble metals such as Au͑111͒, Cu͑111͒ and Ag͑111͒, large activation barriers exist and do not provide easy dissociation. For example, it was shown that H 2 molecules physisorb on flat noble metals at 5 K ͑Refs. 44 and 45͒ and, in particular, on Cu͑111͒. 47 As a first conclusion, we assume that after the inlet of hydrogen, atomic H is present on the surface of our Co nanoislands whereas physisorption occurs on the copper substrate. In our case, a strong argument in favor of dissociative adsorption on the Co surface relies on the observation of the cleaning process occurring at 77 K as well.
Let us now consider desorption mechanisms. From studies of STM-induced desorption, [48] [49] [50] [51] [52] two distinct mechanisms have been identified: ͑i͒ desorption via vibrational excitation [53] [54] [55] [56] and ͑ii͒ desorption by electron excitation. 44, 45 In the first vibrational mechanism, high current densities supplied by the STM induce multiple-vibrational excitations through inelastic electron tunneling. 53 The gain of vibrational energy by the harmonic oscillator formed by the substrateadsorbate atoms or by intramolecular atoms of the adsorbed molecules can finally overcome the potential barrier and lead to desorption. The second mechanism of electron excitation occurs for higher energies and with a higher yield. In that case, a single electron transition from a substrate-adsorbate atom bonding to an antibonding state leads to desorption. Therefore, a minimal energy corresponding to the transition is necessary and results in a threshold of bias voltage in a STM experiment. For atomic H on Co, the desorption via direct electron excitation should occur for an energy greater than 2.6 eV according to theoretical calculations of the binding energy of H on a Co substrate. 31 Since in our experiment we observed that the energy corresponding to the onset of desorption is much lower than the typical binding energy of a single atomic hydrogen bond with a metallic substrate, we can rule out a direct electron desorption by electron excitation in our range of bias voltage. As a result of these considerations, we propose that the vibrational excitation mechanism is capable of explaining our experimental observations. As the energy of 0.4 eV is higher than the typical vibrational energies of the transition metal-H mode, 57 we could relate this energy to a more complex mode involving more than one H atom. As shown in Fig. 4 , the desorption occurs on the entire surface of the island while injection of electrons is pointlike. We point out two possible explanations for this nonlocal indirect desorption process. First, electrons can initiate hydrogen motion by lateral hopping [58] [59] [60] and increase hydrogen mobility on the surface. Second, in the case of indirect excitations by hot electrons in the metal, electrons are the mobile particles which carry the energy and can transport it through the whole surface, as reported recently, 61 whereas hydrogen atoms remain fixed, as illustrated in the inset of Fig. 5 . Nevertheless, we do not exclude that other mechanisms could be consistent with our data, which is a subject for future work in this field.
The analysis of the current threshold gives additional insight into the desorption mechanism. The presence of such a threshold indicates that desorption is a multiple electron process. In the case of a one-particle process, as soon as the electron has enough energy, it can induce H desorption. Consequently, a long surface exposure to a tunnel current at a bias voltage higher than the voltage threshold of 0.4 V is expected to induce desorption whatever the current value and even at a current below the threshold. Experimentally, this is clearly not the case since we found that a long injection of current below the current threshold shows no cleaning process. From the current threshold value of 18 nA and assuming a two particle process, we can estimate a characteristic time of 10 ps. This time could be considered either as a relaxation time between two vibrational levels due to energy transfer to metal phonons or a dwell time of hydrogen on one atomic site.
IV. CONCLUSION AND OUTLOOK
In summary, we studied hydrogen adsorption on Co nanoislands grown epitaxially on Cu͑111͒ by scanning tunneling microscopy and/or spectroscopy at T = 5 K. We found that the presence of the adsorbate strongly affects the two well-known Co surface states. The Co Shockley state is quenched, whereas the minority d surface state is shifted to lower energies down to −0.5 eV. Most importantly, we show that hydrogen could be totally removed from the Co surface by desorption induced by tunneling electrons.
By analyzing the spatial variation of differential conductance, we show that desorption occurs on a surface of a few nanometer squares and is limited to a single individual island. We have determined relevant parameters for desorption. Hydrogen desorbs from the Co surface when the tunneling current is larger than 18 nA and electrons have an energy greater than 0.5 eV. This relatively low energy suggests that the desorption proceeds via a vibrational excitation mechanism. Nonlocal desorption is explained in terms of interaction of H atoms with electrons leading to H motion or of hot-electron transport on the Co surface. We expect that further theoretical modeling could help us to relate the bias voltage threshold value to the energy of a vibrational mode involving Co and H atoms.
Hydrogen desorption from a surface of flat ferromagnetic nanoparticles by tunneling electrons has been demonstrated. We took advantage of this local desorption to uniquely tune the electronic properties of each individual nanoisland using the tunneling current from the STM tip. This study could be extended to similar systems involving ferromagnetic nanoislands. Different materials would modify the value of the voltage threshold since it is related to the interaction between the material and the adsorbate. We might use desorption to selectively create preferential surfaces of a few nanometer squares for further adsorption of atoms or molecules.
